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Introduction {#eap1890-sec-0001}
============

Countries are working toward protecting 10% of their coastal and marine areas as part of the Convention on Biological Diversity\'s Aichi Target 11, of which connectivity is a key aspect (Convention on Biological Diversity [2010](#eap1890-bib-0020){ref-type="ref"}). Connectivity is a fundamental attribute of MPA design and network development because of its importance for population persistence (Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}, Magris et al. [2018](#eap1890-bib-0059){ref-type="ref"}). Marine populations must have sufficient inputs of new individuals, whether through self‐recruitment or immigration from other areas, to avoid or recover from local extinctions (Botsford et al. [2001](#eap1890-bib-0009){ref-type="ref"}, Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}). Greater connectivity increases the stability and resilience of populations, thereby enabling MPAs to meet their ecological objectives (Botsford et al. [2001](#eap1890-bib-0009){ref-type="ref"}, Green et al. [2014](#eap1890-bib-0046){ref-type="ref"}). However, too much connectivity can also be detrimental to system stability, favoring the diffusion of diseases and other negative perturbations, as well as reducing the ability of prey to find refugia (Dakos et al. [2015](#eap1890-bib-0025){ref-type="ref"}, Hermoso et al. [2015](#eap1890-bib-0052){ref-type="ref"}).

Despite its ecological importance, connectivity is difficult to characterize and measure in marine ecosystems because data are limited and it encompasses many ecological processes, including dispersal (by larvae, juveniles, and adults), oceanographic conditions, ontogenetic shifts, migration, physical and ecological nutrient flow, invasive species, and risk due to anthropogenic impacts or disease (Gillanders et al. [2003](#eap1890-bib-0041){ref-type="ref"}, Robinson et al. [2005](#eap1890-bib-0074){ref-type="ref"}, Blowes and Connolly [2012](#eap1890-bib-0007){ref-type="ref"}). There are four commonly defined types of ecological connectivity: population, genetic, community, and ecosystem connectivity (Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}). Population and genetic connectivity pertain to a single species, resulting from the movement of individuals (e.g., adults, juveniles, larvae) between distinct areas and the movement of genes between populations, respectively (Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}). On a broader scale, community connectivity relates to the movement of multiple species within the same ecological community among spatially segregated patches (such as different patches of kelp forest beds), while ecosystem connectivity results from the movement of species, chemicals, energy, and materials between distinct ecosystems (Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}). Data necessary for measuring or modeling these types of connectivity are often limited, particularly at the regional scale, so methods that require large amounts of data may not be possible (e.g., Bode et al. [2016](#eap1890-bib-0008){ref-type="ref"}, Castorani et al. [2017](#eap1890-bib-0018){ref-type="ref"}). Studies incorporating connectivity into MPA planning have primarily focused on identifying locations that are important for these various types of connectivity as potential MPAs (e.g., Treml et al. [2008](#eap1890-bib-0083){ref-type="ref"}, Engelhard et al. [2017](#eap1890-bib-0031){ref-type="ref"}), but do not determine if these potential MPAs are connected to each other.

Population connectivity, the type of connectivity most commonly considered in MPA planning (e.g., Treml et al. [2008](#eap1890-bib-0083){ref-type="ref"}, Magris et al. [2016](#eap1890-bib-0058){ref-type="ref"}, Weeks [2017](#eap1890-bib-0087){ref-type="ref"}), is complex, with patterns varying by species and life history stage (Magris et al. [2014](#eap1890-bib-0057){ref-type="ref"}). The dispersal of individuals is an important ecological process, as it determines source--sink dynamics between areas (Botsford et al. [2001](#eap1890-bib-0009){ref-type="ref"}, Cowen and Sponaugle [2009](#eap1890-bib-0021){ref-type="ref"}). To be effective, MPAs must have sufficient self‐recruitment and/or immigration from other areas, protected or not, to offset mortality and emigration (Botsford et al. [2001](#eap1890-bib-0009){ref-type="ref"}). For many marine species, dispersal occurs through the movement of larvae, juveniles, and adults while seeking out potential reproductive partners, avoiding intra‐ or interspecies competition, or searching for suitable habitat and available resources. Species may also exhibit ontogenetic shifts, where different life stages display different habitat preferences, which will influence overall population connectivity (Gillanders et al. [2003](#eap1890-bib-0041){ref-type="ref"}). However, when juveniles and adults are moving between MPAs, they may be at risk of fishing or other human activities. Because dispersal abilities vary between species and life history stages, two MPAs may be functionally connected for one species or life history stage, but not another (Botsford et al. [2001](#eap1890-bib-0009){ref-type="ref"}).

Within the marine environment, connectivity due to adult movement has not been as well studied as for other life stages despite its importance for population persistence (Frisk et al. [2014](#eap1890-bib-0037){ref-type="ref"}, Bryan‐Brown et al. [2017](#eap1890-bib-0012){ref-type="ref"}). Adult movement distances are often reported as home ranges or maximum distance traveled, determined through methods such as tagging or tracking individuals (Gillanders et al. [2003](#eap1890-bib-0041){ref-type="ref"}, Grober‐Dunsmore et al. [2009](#eap1890-bib-0048){ref-type="ref"}). Connectivity via adult movement is most relevant in MPA planning for species with moderate adult movement distances, as individual MPA size rather than network connectivity should enable self‐recruitment for species with short distance adult dispersal (e.g., \<1 km) (Kaplan et al. [2009](#eap1890-bib-0053){ref-type="ref"}, Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}), while the movement of wide‐ranging or pelagic species (e.g., turtles and tuna) may limit the effectiveness of MPAs as a conservation tool for these species (Moffitt et al. [2009](#eap1890-bib-0065){ref-type="ref"}, Green et al. [2014](#eap1890-bib-0046){ref-type="ref"}). Ideally, when species‐specific data are available, connectivity analysis incorporates details such as adult habitat preferences, resistance to movement within and between habitat types, influence of oceanic currents on adult movement, larval dispersal, density dependence, and species interactions (e.g., Rocha et al. [2002](#eap1890-bib-0075){ref-type="ref"}, Gillanders et al. [2003](#eap1890-bib-0041){ref-type="ref"}, Treml et al. [2008](#eap1890-bib-0083){ref-type="ref"}, Baggio et al. [2011](#eap1890-bib-0003){ref-type="ref"}, Caldwell and Gergel [2013](#eap1890-bib-0016){ref-type="ref"}, Pittman et al. [2014](#eap1890-bib-0069){ref-type="ref"}, Magris et al. [2016](#eap1890-bib-0058){ref-type="ref"}). However, such data rarely exist for multiple species.

In MPA planning processes where data are limited, benthic habitat data may be the only information available (Brooks et al. [2004](#eap1890-bib-0011){ref-type="ref"}). Indeed, conservation planners are often faced with limited data with which to make decisions, and may not have the time or resources to collect additional data (Ban [2009](#eap1890-bib-0005){ref-type="ref"}, Hansen et al. [2011](#eap1890-bib-0051){ref-type="ref"}). Benthic habitat data may be useful as a proxy for benthic‐associated species or communities, where species distributions are inferred based on the presence of suitable habitats (Ban [2009](#eap1890-bib-0005){ref-type="ref"}, Grober‐Dunsmore et al. [2009](#eap1890-bib-0048){ref-type="ref"}, Weeks [2017](#eap1890-bib-0087){ref-type="ref"}). It is uncertain how connectivity patterns identified using habitat proxies and modeling aligns with actual population connectivity for individual species. We coin the phrase "inferred connectivity" to emphasize this uncertainty and use it rather than "potential connectivity," which combines landscape attributes with some information about species' dispersal ability (Calabrese and Fagan [2004](#eap1890-bib-0015){ref-type="ref"}) or probability of dispersal between patches (Watson et al. [2010](#eap1890-bib-0086){ref-type="ref"}), because the latter implies a more detailed species‐specific understanding of connectivity patterns than a habitat proxy approach can provide. Delaying conservation action to collect more data may result in less effective protection, particularly in the presence of ongoing threats (Grantham et al. [2008](#eap1890-bib-0043){ref-type="ref"}, [2009](#eap1890-bib-0044){ref-type="ref"}). Therefore, it is critical to incorporate the best available information about ecological connectivity into MPA design (Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}), alongside other design objectives such as feature representation and replication (Margules and Pressey [2000](#eap1890-bib-0060){ref-type="ref"}, Roberts et al. [2003](#eap1890-bib-0073){ref-type="ref"}).

Graph theory is a common method to explore ecological connectivity (Urban and Keitt [2001](#eap1890-bib-0084){ref-type="ref"}, Grober‐Dunsmore et al. [2009](#eap1890-bib-0048){ref-type="ref"}, Galpern et al. [2011](#eap1890-bib-0039){ref-type="ref"}) and incorporate it into marine conservation (Treml et al. [2008](#eap1890-bib-0083){ref-type="ref"}, Anadón et al. [2013](#eap1890-bib-0001){ref-type="ref"}, Andrello et al. [2015](#eap1890-bib-0002){ref-type="ref"}). The graph\'s main components are "nodes," typically the center of habitat patches or protected areas, and "edges," which each indicate an ecological connection between two nodes (Urban and Keitt [2001](#eap1890-bib-0084){ref-type="ref"}, Grober‐Dunsmore et al. [2009](#eap1890-bib-0048){ref-type="ref"}, Treml and Kool [2018](#eap1890-bib-0082){ref-type="ref"}). Metrics to assess network connectivity include eigenvector centrality, betweenness, and network density among others (Treml et al. [2008](#eap1890-bib-0083){ref-type="ref"}, D\'Aloia et al. [2017](#eap1890-bib-0026){ref-type="ref"}, Sayles and Baggio [2017](#eap1890-bib-0077){ref-type="ref"}). Multiplex networks are networks in which nodes are connected via multiple types of linkages (Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}, De Domenico et al. [2014](#eap1890-bib-0027){ref-type="ref"}). Hence, in a multiplex network, a node (such as a location) is connected to another node via different ecological processes or different ecological attributes (Pilosof et al. [2017](#eap1890-bib-0068){ref-type="ref"}). Each node and type of link ensemble is called a layer (Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}). Multiplex networks have recently been used to analyze and understand how structure may affect function in different complex systems (e.g., Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}, Kivelä et al. [2014](#eap1890-bib-0054){ref-type="ref"}, Baggio et al. [2016](#eap1890-bib-0004){ref-type="ref"}), but their application is only just emerging in ecology (Pilosof et al. [2017](#eap1890-bib-0068){ref-type="ref"}).

The objective of this research was to develop a method for incorporating connectivity into MPA planning through the mechanism of adult movement when data are limited, using a case study along the Pacific coast of Canada. We used the Northern Shelf Bioregion in British Columbia (BC), Canada, as our case study because MPA network planning is actively being pursued jointly by the Government of Canada, Province of British Columbia, and 16 First Nations who are working together as the Marine Protected Area Technical Team (MPATT; Department of Fisheries and Oceans Canada [2017](#eap1890-bib-0030){ref-type="ref"}), and our research is informing the planning process. Although tagging studies and genetic analyses can deepen our understanding of connectivity, such data are limited to only a few species and areas in the study region (e.g., Withler et al. [2001](#eap1890-bib-0090){ref-type="ref"}, Fong and Dunham [2007](#eap1890-bib-0033){ref-type="ref"}, Rechisky et al. [2017](#eap1890-bib-0072){ref-type="ref"}). We thus explore using existing habitat data, which are available, to ensure that a component of ecological connectivity can be incorporated into the MPA network planning process. We developed two ways to include inferred connectivity in MPA planning: (1) identifying sites important for inferred connectivity as proposed candidate MPAs and (2) assessing the inferred connectivity of existing and potential MPAs.

Methods {#eap1890-sec-0002}
=======

Case study description {#eap1890-sec-0003}
----------------------

Canada is committed to developing MPA networks in all 13 of its bioregions (Government of Canada [2011](#eap1890-bib-0042){ref-type="ref"}), with planning underway in five priority bioregions across the country. In BC, the Northern Shelf (\~102,000 km^2^ in size) was selected as the planning area for the first MPA network in the Pacific Region. The planning team has identified connectivity as a key knowledge gap and as a highly important ecological attribute. MPATT has identified multiple marine conservation priorities in this planning process, including 55 fish, 15 crustaceans, and 19 molluscs (for complete list, see Department of Fisheries and Oceans Canada [2017](#eap1890-bib-0030){ref-type="ref"}). Of these, 26 are benthic conservation priority species with known adult movement ranges as reported by Burt et al. ([2014](#eap1890-bib-0014){ref-type="ref"}) (Appendix S1: Table [S1](#eap1890-sup-0001){ref-type="supplementary-material"}), and eight of these have moderate adult movement ranges. Fisheries and Oceans Canada does fishery‐independent surveys for many of these species, but these surveys do not cover the full extent of the bioregion as they do not venture into fjords, inlets, or parts of Hecate Strait (Chandler et al. [2017](#eap1890-bib-0019){ref-type="ref"}). Thus, they were not appropriate for use in this analysis.

Prior to the MPA Network planning process, there were 124 existing MPAs in the Northern Shelf Bioregion (Fig. [1](#eap1890-fig-0001){ref-type="fig"}) established in an ad hoc manner and with varying levels of protection from industry, fishing, and other anthropogenic impacts. We evaluated inferred connectivity to assess connections among existing MPAs and to inform the selection of new MPAs to ensure the resulting network was well connected. We also considered 311 "potential MPAs": areas with boundaries but not yet designated as MPAs, which are likely to be considered in the MPA network planning process (i.e., Protection Management Zones (PMZs) proposed by the Marine Plan Partnership for the North Coast (MaPP [2016a](#eap1890-bib-0061){ref-type="ref"}, [b](#eap1890-bib-0062){ref-type="ref"}); and Rockfish Conservation Areas (RCAs), partial fishing closures established to protect rockfish; Fig. [1](#eap1890-fig-0001){ref-type="fig"}). At the time of this study, the MPA planning process in BC was considering upgrading areas that had limited protection. Our analysis assumes that the MPAs, including existing ones, would need enhanced protection to provide ecological connectivity benefits.

![Existing and potential marine protected areas (MPAs) in the Northern Shelf Bioregion, British Columbia, Canada. Many small MPAs are not visible at the regional scale.](EAP-29-na-g001){#eap1890-fig-0001}

Data {#eap1890-sec-0004}
----

We assessed inferred connectivity within benthic habitat types because species‐specific distribution and movement data were not available. For this study, habitat types were defined by their physical characteristics (e.g., rocky areas) or presence of canopy‐forming species (i.e., kelp beds and eelgrass meadows), resulting in six major benthic habitat types that comprise the Northern Shelf Bioregion. The region\'s entirety has been broadly classified into rocky, sandy, muddy, and "unknown" habitat types (Province of BC [2002](#eap1890-bib-0070){ref-type="ref"}), and biogenic habitat types: kelp beds, eelgrass meadows, and estuaries (Appendix [S1: Table S2](#eap1890-sup-0001){ref-type="supplementary-material"}). Each habitat type was split into five biologically relevant depth ranges (Province of BC [2002](#eap1890-bib-0070){ref-type="ref"}) to generate distinct habitat patches in ArcGIS version 10.4.1 (ESRI [2016](#eap1890-bib-0032){ref-type="ref"}): 0--20 m (shallow), 20--50 m (photic), 50--200 m (mid‐depth), 200--1,000 m (deep), and 1,000 + m (abyssal). Although the best available data were used, there is some uncertainty associated with each of the spatial habitat data sets (e.g., positional accuracy and variation in data resolution; see Appendix S1: Table [S2](#eap1890-sup-0001){ref-type="supplementary-material"} for details). We defined "habitat category" as a specific combination of benthic habitat type and depth range. If a particular habitat category contained only one habitat patch, it was excluded as connectivity between habitat patches would not exist. Only habitat patches that were \>1 km^2^ in area were included in the analysis due to computational feasibility.

Analyses {#eap1890-sec-0005}
--------

Given the lack of population level or individual movement data, we assumed that Euclidean distance between habitat patches is correlated to adult movement. Not only has this assumption has been used in other studies on connectivity (Minor and Urban [2008](#eap1890-bib-0064){ref-type="ref"}, Engelhard et al. [2017](#eap1890-bib-0031){ref-type="ref"}), previous studies have suggested that using distance as a proxy for connection probability involves the fewest additional assumptions, and therefore potential introduction of error, compared to more parameter‐rich methods such as dispersal modeling or least cost path analysis in the absence of movement information (Minor and Urban [2007](#eap1890-bib-0063){ref-type="ref"}, Galpern et al. [2011](#eap1890-bib-0039){ref-type="ref"}). We measured the distance from the centroid of each habitat patch to the centroids of all other patches within the same habitat category using visibility graphing (Tandy [1967](#eap1890-bib-0081){ref-type="ref"}, O\'Sullivan and Turner [2001](#eap1890-bib-0066){ref-type="ref"}) and network analysis (Curtin [2007](#eap1890-bib-0023){ref-type="ref"}). Geographic Resources Analysis Support System software version 7.2.2 (GRASS Development Team [2017](#eap1890-bib-0045){ref-type="ref"}) was used to generate the visibility graphs, which were then processed in ArcGIS to find the shortest path from one habitat patch to another, while accounting for deviation around BC\'s complex coastline. The connectivity analyses were performed in R version 3.3.3 (R Core Team [2017](#eap1890-bib-0071){ref-type="ref"}), with the igraph package (Csardi and Nepusz [2006](#eap1890-bib-0022){ref-type="ref"}) using two approaches: (1) regional analyses, whereby we divided the Northern Shelf Bioregion into 1,597 100‐km^2^ planning units (smaller adjacent to land due to the complexity of the region\'s coastline), and (2) MPA analyses, where we assessed the distance between habitat patches within existing or potential MPAs. Although some biological processes occur on finer scales, planning unit resolution was restricted to 100 km^2^ due to data availability and computational feasibility. For planning units or MPAs with more than one habitat patch of the same category, the shortest distance to a habitat patch in another planning unit or MPA was used.

To assess inferred connectivity via adult movement, we used two different threshold distances to capture moderate adult movement ranges. Burt et al. ([2014](#eap1890-bib-0014){ref-type="ref"}) conducted a literature review of BC marine species movement and dispersal in order to inform MPA design processes, assigning species to broad adult movement categories (0, \<0.05, \<1, 1--10, 10--50, 50--1,000, or \>1,000 km). These natural groupings indicated that (a) 10 km and (b) 50 km were generalized moderate distance thresholds across BC species. Because the 10‐km distance threshold was the same size as the planning unit width, we adjusted that distance threshold to 15 km to capture diagonal connections and therefore to minimize distortion. Based on these inferred connections, adjacency matrices for each habitat category were generated at 15 and 50 km distance thresholds.

We used graph theory to evaluate inferred connectivity between planning units or MPAs, constructing networks with planning units or MPAs as nodes, and the inferred connections between them as edges (Fig. [2](#eap1890-fig-0002){ref-type="fig"}). The edges were undirected, indicating that movement could occur in both directions between the two nodes. A separate network was generated for each habitat category at each distance threshold, resulting in 32 networks.

![Conceptual diagram of the (a) analysis approach overview; (b) graph or network, showing key components; (c) multiplex network structure. Node or location may refer to a planning unit or MPA. "Isolate node" refers to a node that exists, but does not contain a particular habitat category or is not connected to any other nodes within that habitat category.](EAP-29-na-g002){#eap1890-fig-0002}

Approaches {#eap1890-sec-0006}
----------

### Regional connectivity {#eap1890-sec-0007}

We carried out regional analyses for the whole planning region to identify key areas for connectivity that could be considered in the MPA network planning process (Fig. [2](#eap1890-fig-0002){ref-type="fig"}). Dividing the study region into planning units enabled evaluation of the relative contribution of individual planning units to regional connectivity. We used two centrality indices to address different aspects of network connectivity: betweenness and eigenvector centrality. Nodes with the highest betweenness scores link otherwise disconnected parts of the network, acting as key stepping stone patches for animal movement (Freeman [1977](#eap1890-bib-0034){ref-type="ref"}, Urban and Keitt [2001](#eap1890-bib-0084){ref-type="ref"}, Gilarranz et al. [2015](#eap1890-bib-0040){ref-type="ref"}, Treml and Kool [2018](#eap1890-bib-0082){ref-type="ref"}). Eigenvector centrality evaluates the relative contribution of nodes to overall network connectivity, such that planning units with well‐connected neighbors may facilitate animal movement through a greater portion of the network (Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}, De Domenico et al. [2014](#eap1890-bib-0027){ref-type="ref"}, White et al. [2014](#eap1890-bib-0088){ref-type="ref"}, Shanafelt et al. [2017](#eap1890-bib-0079){ref-type="ref"}).

For each habitat category, we calculated the centrality metrics (betweenness and eigenvector centrality) for all nodes that contained the habitat category, in the networks at the 15 and 50 km distance thresholds. This ensured that scores of 0 accurately reflected nodes that were not connected but had the potential to be. For every habitat category and distance threshold, we calculated the *z* score (number of standard deviations from the mean) associated with each planning unit\'s betweenness and eigenvector centrality metrics. *Z* scores ≥ 2 indicated a network hub (as in Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}) for that habitat category, which was identified as a connectivity hotspot. These planning units may be important (with respect to connectivity only) to consider as possible areas to include in the MPA network to ensure the resulting network is well connected.

We then evaluated the planning units as a multiplex network, in which each layer represents a different habitat network type (Fig. [2](#eap1890-fig-0002){ref-type="fig"}). Analyzing the planning units as a multiplex allows consideration of the different types of links between areas (Baggio et al. [2016](#eap1890-bib-0004){ref-type="ref"}), where each link type represents a connection for a specific habitat category. We thus incorporated all of the habitat category matrices at the 15‐km distance threshold into a supra‐adjacency matrix, representing the layers in a multiplex, repeating this to create a separate multiplex for the 50‐km distance threshold. At each distance threshold, the same metrics for each planning unit in the multiplex were calculated (betweenness and eigenvector centrality, associated *z* scores), as well as the multiplex participation coefficient for each planning unit following the method described by Battiston et al. ([2014](#eap1890-bib-0006){ref-type="ref"}). The participation coefficient (*P* ~*i*~) of node *i* indicates how evenly spread the node\'s connections are across the habitat categories, where values close to 0 reflect participation in only a few habitat categories and values close to 1 reflect participation in most habitat categories. Participation is calculated for each multiplex, so there is only one set of highly participatory hotspots at each distance threshold (i.e., no difference between the centrality metrics). Planning units that were network hubs (*z ≥ *2) or had a high participation coefficient (*P* ~*i*~ * *\> 0.66) were identified as connectivity hotspots (the same thresholds as in Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}). To assess how representative the multiplex connectivity hotspots were, we determined the proportion of hotspots identified in each habitat category that were also identified as multiplex hotspots, for each centrality metric at both distance thresholds.

### MPA network connectivity {#eap1890-sec-0008}

To assess the current state of inferred connectivity within existing and potential MPAs, we evaluated MPA network configurations rather than planning units (Fig. [2](#eap1890-fig-0002){ref-type="fig"}). We carried out two analyses: evaluating inferred connectivity for (1) existing MPAs, and (2) existing and potential MPAs. In order to evaluate the MPA network\'s performance with respect to regional connectivity, existing and potential MPAs were overlaid with the hotspots identified in the habitat networks and multiplexes, for all centrality metrics and distance thresholds (Fig. [2](#eap1890-fig-0002){ref-type="fig"}). We determined the proportion of hotspots that intersected (1) existing MPAs and (2) existing and potential MPAs.

In addition to assessing the MPAs' performance for inferred regional connectivity, we evaluated inferred connectivity between MPAs to see how they functioned as a network (Fig. [2](#eap1890-fig-0002){ref-type="fig"}). For each habitat category and distance threshold, the network density, or the proportion of inferred connections to possible connections in the network (if every node was connected to every other node), was determined. The (1) existing MPA network densities and (2) existing and potential MPA network densities were compared at each distance threshold. MPA multiplex networks were created for each distance threshold the same way as in the regional planning unit analyses, where each habitat category formed a unique layer and MPAs corresponded to nodes that were present across layers. We summed the total number of inferred connections across the habitat categories for each distance threshold, and determined the total number of possible connections, then calculated the network densities of both network configurations (Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}). The multiplex participation coefficients (*P* ~*i*~) for all nodes were calculated, then averaged to determine the participation coefficient for the entire multiplex (*P*) at each distance threshold, as in Battiston et al. ([2014](#eap1890-bib-0006){ref-type="ref"}). The multiplex network densities were used to compare the MPA network configurations for each distance threshold.

Results {#eap1890-sec-0009}
=======

Regional analysis {#eap1890-sec-0010}
-----------------

Out of 1,597 planning units, 1,261 were included in the analysis, comprised of 3,727 habitat patches (Appendix S1: Fig. [S1](#eap1890-sup-0001){ref-type="supplementary-material"}). Some planning units were excluded because they contained only habitat patches that were of "unknown" type or \<1 km^2^ in area; many naturally small discrete patches (like kelp, eelgrass, and some estuaries) were excluded because of the area minimum. The 16 habitat categories had variable patch numbers, from 6 patches in eelgrass meadows to 527 patches in mid‐depth rocky habitat (Appendix S1: Table [S3](#eap1890-sup-0001){ref-type="supplementary-material"}). Eelgrass, kelp, estuaries, and abyssal rocky areas were more spatially restricted and had fewer habitat patches than the other categories. More links were present in habitat categories with more habitat patches because of the higher potential. The nearshore planning units tended to have the highest habitat diversity.

There was low similarity in the multiplex network hubs identified for each distance threshold and centrality metric (Fig. [3](#eap1890-fig-0003){ref-type="fig"}). This indicates that the planning units identified as important for connectivity, and perhaps as candidate MPAs, are highly dependent on the centrality metric and distance threshold (or model species) used in the planning process. No network hubs were identified with the eigenvector centrality metric at the 15‐km distance threshold, indicating that planning unit contributions to inferred regional connectivity were fairly similar across the bioregion. All 87 network hubs based on eigenvector centrality at the 50‐km distance threshold intersected the largest habitat patch in the bioregion; eigenvector centrality helps to confirm the importance of contiguous habitat for animal movement. In contrast, the network hubs identified using betweenness were often at the edge of habitat patches, where they would act as critical links to other patches in the same habitat category.

![Inferred regional connectivity hotspots within the Northern Shelf Bioregion, as identified by planning units in the multiplex network with *z* score ≥ 2 for (a) betweenness hotspots at 15‐km distance threshold; (b) eigenvector centrality hotspots at 15‐km distance threshold; (c) betweenness hotspots at 50‐km distance threshold; (d) eigenvector centrality hotspots at 50‐km distance threshold. Highly participatory planning units are identical in panels a and b and in panels c and d.](EAP-29-na-g003){#eap1890-fig-0003}

The multiplex network had little overlap between the identified network hubs (*z *≥* *2) and highly participatory (*P* ~*i*~ \> 0.66) planning units. The majority of highly participatory planning units were in nearshore waters along the coast, where there is higher habitat diversity. The multiplex connectivity hotspots had variable representation of the hotspots identified for each habitat category (Table [1](#eap1890-tbl-0001){ref-type="table"}), with moderate representation overall.

###### 

Proportion of inferred connectivity hotspots (*z* ≥ 2) identified in each habitat category, for each distance threshold and centrality metric, which are represented by the inferred connectivity hotspots identified in the multiplex network analysis

  Habitat category   15 km                                    50 km                                                                             
  ------------------ ---------------------------------------- ---------------------------------------- ---------------------------------------- ----------------------------------------
  Rocky                                                                                                                                         
  0--20 m            0.86                                     0.79                                     1.00                                     0.86
  20--50 m           0.95                                     0.17                                     0.87                                     0.33
  50--200 m          0.58                                     0.25                                     0.78                                     0.34
  200--1,000 m       0.11                                     0                                        0.50                                     0.00
  1,000+ m           0                                        [a](#eap1890-note-0003){ref-type="fn"}   [a](#eap1890-note-0003){ref-type="fn"}   [a](#eap1890-note-0003){ref-type="fn"}
  Sandy                                                                                                                                         
  0--20 m            0.14                                     0                                        0.50                                     [a](#eap1890-note-0003){ref-type="fn"}
  20--50 m           0.13                                     0                                        0.25                                     [a](#eap1890-note-0003){ref-type="fn"}
  50--200 m          1.00                                     0.04                                     0.80                                     1.00
  200--1,000 m       0.23                                     0                                        0.45                                     0.23
  Muddy                                                                                                                                         
  0--20 m            0.77                                     0.80                                     0.86                                     0.82
  20--50 m           1.00                                     0.80                                     1.00                                     [a](#eap1890-note-0003){ref-type="fn"}
  50--200 m          1.00                                     0.45                                     0.79                                     0.48
  200--1,000 m       0.80                                     0.43                                     0.60                                     0.52
  Kelp                                                                                                                                          
  0--20 m            1.00                                     0.75                                     1.00                                     1.00
  Estuary                                                                                                                                       
  0--20 m            0                                        0.25                                     0.50                                     0.33
  Eelgrass                                                                                                                                      
  0--20 m            [a](#eap1890-note-0003){ref-type="fn"}   [a](#eap1890-note-0003){ref-type="fn"}   [a](#eap1890-note-0003){ref-type="fn"}   [a](#eap1890-note-0003){ref-type="fn"}

The centrality metrics used were betweenness and eigenvector centrality; the distance thresholds used were 15 km and 50 km.

No inferred connectivity hotspots identified.

John Wiley & Sons, Ltd

MPA analysis {#eap1890-sec-0011}
------------

There were 305 out of 435 existing and potential MPAs included in this analysis (Appendix S1: Fig. [S2](#eap1890-sup-0001){ref-type="supplementary-material"}), made up of 65 existing MPAs (52% of existing MPAs considered) and 240 potential MPAs (77%). The other MPAs were excluded because there were no bathymetry data (3) or benthic habitat data (2) available at their location, or because they did not contain any habitat patches of a known type that were \>1 km^2^ (125). A total of 1,642 habitat patches were located within MPA boundaries (Appendix S1: Table [S4](#eap1890-sup-0001){ref-type="supplementary-material"}). Existing MPAs comprised 21% of the MPAs included in this analysis and made up 30% of the spatial area covered by existing and potential MPAs. About 4--5% of the links were from one existing MPA to another, closely matching the proportion expected from the potential connections within each network (i.e., 2,080 potential connections for a network of 65 MPAs vs. 46,360 for 305 MPAs).

We determined the number of regional connectivity hotspots that intersected with (1) existing MPAs, and (2) existing and potential MPAs (Table [2](#eap1890-tbl-0002){ref-type="table"}). On average, existing MPAs intersected 47% of all hotspots across the centrality metrics and distance thresholds considered. Within the existing MPAs, network hubs for betweenness were the least represented; the MPAs overlapped 30% and 35% of these network hubs at the 15‐ and 50‐km distance thresholds, respectively. Protecting a higher proportion of these hotspots may be prioritized in the planning process.

###### 

Proportion of regional connectivity hotspots identified by the multiplex network analysis for all centrality metrics and distance thresholds that intersect (1) existing MPAs, and (2) existing and potential MPAs in the Northern Shelf Bioregion

  Type of hotspot                                              15 km distance threshold   50 km distance threshold                        
  ------------------------------------------------------------ -------------------------- ---------------------------------------- ------ ------
  Existing MPAs                                                                                                                           
  Network hub                                                  0.30                       [a](#eap1890-note-0005){ref-type="fn"}   0.35   0.61
  Highly participatory[b](#eap1890-note-0006){ref-type="fn"}   0.49                       0.49                                     0.45   0.45
  Any hotspot                                                  0.46                       0.49                                     0.44   0.48
  Existing and potential MPAs                                                                                                             
  Network hub                                                  0.68                       [a](#eap1890-note-0005){ref-type="fn"}   0.86   0.69
  Highly participatory[b](#eap1890-note-0006){ref-type="fn"}   0.81                       0.81                                     0.80   0.80
  Any hotspot                                                  0.79                       0.81                                     0.79   0.78

The centrality metrics used were betweenness and eigenvector centrality; the distance thresholds used were 15 and 50 km.

No inferred connectivity hotspots were identified.

There is one set of highly participatory planning units for each distance threshold.

John Wiley & Sons, Ltd

For both distance thresholds and both MPA scenarios, the multiplex network densities were quite low and fairly similar to the network densities of individual habitat categories (Fig. [4](#eap1890-fig-0004){ref-type="fig"}). The exception to this was the eelgrass habitat network, made up of only eight MPAs (two existing MPAs), with much higher network densities of 0.39 for existing and potential MPAs and 1.00 for existing MPAs, resulting from a link between the only two MPAs with eelgrass habitat patches at both distance thresholds. As expected, network density at the 50‐km threshold was greater than at the 15‐km distance threshold, other than in the eelgrass networks.

![MPA network density for existing MPAs, as well as existing and potential MPAs, at two distance thresholds. Network density, the proportion of inferred connections to possible connections if every MPA was connected to every other MPA, was computed for 16 habitat categories and for a multiplex network. No MPAs contained rocky habitat with \>1,000 m depth. Two habitat patches were eelgrass; eelgrass network densities at the 15‐km distance threshold are identical to, and therefore obscured by, the network densities at the 50‐km threshold. This figure generated using the ggplot2 package in R (Wickham [2016](#eap1890-bib-0089){ref-type="ref"}).](EAP-29-na-g004){#eap1890-fig-0004}

All multiplex networks had moderate participation coefficients for each entire network, but the networks containing existing and potential MPAs (*P *=* *0.34 at 15 km; *P *=* *0.44 at 50 km) had more even participation across habitat categories than those with existing MPAs only (*P *=* *0.15 at 15 km; *P *=* *0.25 at 50 km). This also indicates that connections at the 50‐km distance threshold were more evenly spread across habitat categories than at the 15‐km threshold for both MPA configurations, despite an unequal number of MPAs containing each habitat category.

Discussion {#eap1890-sec-0012}
==========

Despite its importance for MPA effectiveness, connectivity has rarely been incorporated directly into MPA network planning (Magris et al. [2014](#eap1890-bib-0057){ref-type="ref"}). We developed an approach for incorporating connectivity via adult movement into MPA network planning for consideration alongside other MPA design objectives (e.g., representation), when data are limited. Connectivity via adult movement has not been as well studied as larval dispersal (Sala et al. [2002](#eap1890-bib-0076){ref-type="ref"}, Cowen and Sponaugle [2009](#eap1890-bib-0021){ref-type="ref"}, Anadón et al. [2013](#eap1890-bib-0001){ref-type="ref"}; but see Freiwald [2012](#eap1890-bib-0035){ref-type="ref"}, Pittman et al. [2014](#eap1890-bib-0069){ref-type="ref"}). Rather, previous studies have considered how adult movement may decrease efficacy of an MPA or affect MPA sizing (Walters et al. [2007](#eap1890-bib-0085){ref-type="ref"}, Moffitt et al. [2009](#eap1890-bib-0065){ref-type="ref"}, Grüss et al. [2011a](#eap1890-bib-0049){ref-type="ref"}). Our approach best aligns with species that have strong benthic associations as adults, and has the potential to represent animals for which species‐specific information may not be available. It is widely applicable because it can inform planning where resources and data are limited, but also contains many assumptions.

Our results are being integrated into the interactive platform that MPATT is using to create and evaluate alternative MPA network configurations, enabling inferred connectivity as an additional design objective in the Northern Shelf Bioregion planning process. We received iterative guidance from MPATT in creating this method to ensure that this work remained applicable as the planning process and our research developed. Many of the planning units that emerged as inferred regional connectivity hotspots have conservation importance for other reasons. For example, many multiplex hotspots have some spatial overlap with areas previously identified as Ecologically and Biologically Significant Areas in the planning area (Department of Fisheries and Oceans Canada [2012](#eap1890-bib-0029){ref-type="ref"}). Protection of these overlapped hotspots would result in progress toward multiple conservation targets. There was low interconnectedness among existing MPAs (network density), particularly at the 15‐km distance threshold. To increase connectivity between existing areas in the region, planners should prioritize areas that may act as stepping stones among existing MPAs. However, planners may also want to keep MPAs disconnected intentionally, as isolation contributes to uniqueness and resistance to disease transmission between MPAs (Dakos et al. [2015](#eap1890-bib-0025){ref-type="ref"}, Hermoso et al. [2015](#eap1890-bib-0052){ref-type="ref"}), and it is unclear what the threshold for adequate MPA interconnectedness would be. In addition, network density is likely to be affected by the number of nodes and the spatial extent of the planning region, so it may be more useful to compare the network density of multiple potential MPA network configurations to determine that which is most interconnected, rather than evaluating a single network configuration against a target density.

Our approach can also be used to prioritize MPAs for upgraded protection, if it is not possible to increase protection in all MPAs. Potential MPAs could be assessed individually to determine their overlap with inferred regional connectivity hotspots and contribution to network density, identifying those that would best complement the existing MPA network (with respect to inferred connectivity only). An important result from our study was that the centrality metrics and distance thresholds we explored highlighted different planning units as regional connectivity hotspots and therefore which MPAs were identified as contributing to inferred regional connectivity. This finding aligns with other studies, such as those that have investigated larval dispersal with multiple planktonic larval duration times or connectivity metrics (Treml et al. [2008](#eap1890-bib-0083){ref-type="ref"}, Magris et al. [2016](#eap1890-bib-0058){ref-type="ref"}, D\'Aloia et al. [2017](#eap1890-bib-0026){ref-type="ref"}). Thus it is important to consider multiple approaches when evaluating connectivity and ensure they align with priorities identified for the particular MPA planning process.

Our analysis incorporated multiple ways in which connectivity can be used in MPA planning: (1) identifying areas that were important for inferred connectivity within the study region and (2) evaluating existing and potential MPA networks with respect to regional inferred connectivity and interconnectedness. Other studies have identified regional connectivity hotspots through modeling (e.g., larval dispersal by oceanic currents), then used Marxan to produce an optimal or near‐optimal configuration of planning units based on connectivity (Magris et al. [2016](#eap1890-bib-0058){ref-type="ref"}, D\'Aloia et al. [2017](#eap1890-bib-0026){ref-type="ref"}, Krueck et al. [2017](#eap1890-bib-0055){ref-type="ref"}). This is valuable for determining priority sites to consider as MPA candidates in planning processes, as well as evaluating the performance of existing or proposed networks in protecting these hotspots. However, these methods do not assess the extent to which MPAs within the resulting network are connected to each other. Evaluating inferred connectivity between existing and potential MPAs can be used to explore and enhance network interconnectedness, but the "best" network configuration may or may not include regional connectivity hotspots. Objectives for connectivity in MPA design are often unclear and qualitative (Magris et al. [2014](#eap1890-bib-0057){ref-type="ref"}); it is important that both regional connectivity and MPA interconnectedness are incorporated into planning processes. Our two approaches complement and may provide feedback to each other as a network configuration is developed. Both can also be used to compare possible network configurations alongside other MPA design objectives.

We aggregated inferred connectivity across multiple habitat types using multiplex networks, useful for integrating multiple habitat types, as well as species, in an MPA planning process. To our knowledge, this was the first application of multiplex networks to incorporating connectivity into MPA network planning. Multiplex network hubs take into account that some areas can be important only for one habitat category, whereas others can be important for multiple habitat categories (Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}, De Domenico et al. [2014](#eap1890-bib-0027){ref-type="ref"}). For our case study, highly participatory planning units contribute to inferred regional connectivity in multiple habitat categories, so planners may prioritize these planning units as highly as the network hubs with high contributions to inferred connectivity in one or a few habitat categories. Multiplex network density and participation may be useful in comparing proposed MPA network configurations, as these metrics provide an indication of how well connected the proposed MPAs are, and how evenly these connections are distributed across conservation priorities. In our results, the multiplex inferred regional connectivity hotspots and network densities were moderately representative of those identified for each habitat category, although individual habitat categories varied in level of representation. Inferred multiplex hotspots could be biased toward habitat categories with more links, resulting from greater habitat distribution throughout the region, but not necessarily with higher network density. Planners may prioritize (or deprioritize) habitats with less areal extent or fewer connections, as well as habitats that are important for threatened species or vulnerable life stages (e.g., Department of Fisheries and Oceans Canada [2017](#eap1890-bib-0030){ref-type="ref"}; Roberts et al. [2003](#eap1890-bib-0073){ref-type="ref"}); weighting of layers within the multiplex can be altered to reflect this. Multiplex networks may also be used for evaluating connectivity for multiple species or communities (i.e., assigning each layer to one species or community), and between different habitat or ecosystem types (Gilarranz et al. [2015](#eap1890-bib-0040){ref-type="ref"}, Pilosof et al. [2017](#eap1890-bib-0068){ref-type="ref"}). If data are available, multiplex networks can integrate connection weight and directionality for both intra‐ and inter‐layer edges (Battiston et al. [2014](#eap1890-bib-0006){ref-type="ref"}, De Domenico et al. [2014](#eap1890-bib-0027){ref-type="ref"}; see Baggio et al. [2016](#eap1890-bib-0004){ref-type="ref"} for an example of a directed, weighted, multiplex network analysis in a socioecological context).

Limitations {#eap1890-sec-0013}
-----------

Our study had several limitations and assumptions that should guide the use and interpretation of both the methods and results. First, our study was constrained by limited data about connectivity (but see, e.g., Robinson et al. [2005](#eap1890-bib-0074){ref-type="ref"}, Fong and Dunham [2007](#eap1890-bib-0033){ref-type="ref"}), leading us to use habitat data as the best available spatial data at the scale of the region. However, these data also have limitations, as they came from multiple sources with different survey methodologies and may not have not been ground truthed.

Second, there was limited information about adult movement to inform our modeling efforts. Ideally, we could incorporate information about species‐specific movement barriers (e.g., unsuitable substrate or depth range, freshwater influence, thermal or pH tolerance threshold, habitat degradation), habitat preferences, and behaviors (e.g., foraging) (Caldwell and Gergel [2013](#eap1890-bib-0016){ref-type="ref"}, Engelhard et al. [2017](#eap1890-bib-0031){ref-type="ref"}), but such data were too limited or incomplete in our study region for our analysis. Species‐specific movement patterns may also be influenced by many other factors including oceanic currents, density dependence, species interactions, site fidelity, seasonality, and fishing mortality between MPAs (Moffitt et al. [2009](#eap1890-bib-0065){ref-type="ref"}, Grüss et al. [2011a](#eap1890-bib-0049){ref-type="ref"}, Botsford et al. [2014](#eap1890-bib-0010){ref-type="ref"}, Daigle et al. [2015](#eap1890-bib-0024){ref-type="ref"}, Green et al. [2015](#eap1890-bib-0047){ref-type="ref"}), but again such data were not available for the study region.

Finally, the data and information limitations lead us to use simplifying assumptions. In particular, we assumed that all nodes were effective sources and sinks, although we excluded habitat patches \<1 km^2^ (because of computational feasibility); however, the minimum patch size necessary to support a viable population is species dependent. Population viability is an important consideration as some of the connections identified may not exist if there are no or small source populations (Cowen and Sponaugle [2009](#eap1890-bib-0021){ref-type="ref"}, Pe\'er et al. [2014](#eap1890-bib-0067){ref-type="ref"}, D\'Aloia et al. [2017](#eap1890-bib-0026){ref-type="ref"}). We also assumed that all connections were bidirectional and had the same strength and that animals traveled to the nearest MPA using the shortest path. The shortest path may cross multiple habitat categories and is thus relevant for habitat generalist species like *Sebastolobus alascanus* or *Metacarcinus magister*. Habitat specialist species may not be able to travel through unsuitable habitat. In addition, individual habitat patches vary in their suitability, attractiveness, quality, and carrying capacity so their contributions as population sources and sinks would also vary (i.e., actual links could be stronger or weaker than assumed by analysis), but we lacked this information. Because of this, some of the nodes that we identified as inferred connectivity hotspots may not contribute very much to network connectivity, while other nodes may have more important contributions than assumed. Overall, actual connectivity patterns may differ from what we have inferred through this analysis, as is expected with many modeling approaches (Fulton et al. [2015](#eap1890-bib-0038){ref-type="ref"}). These limitations (and resulting uncertainty) should be considered when interpreting this study, particularly in a management context (Fulton et al. [2015](#eap1890-bib-0038){ref-type="ref"}). As more data become available, they can be easily integrated into our approaches to gain a better understanding of connectivity. Ongoing monitoring of the MPA network, once established, is important for assessing actual connectivity, as is adaptive management if different connectivity patterns are detected (Lubchenco and Grorud‐Colvert [2015](#eap1890-bib-0056){ref-type="ref"}, Carr et al. [2017](#eap1890-bib-0017){ref-type="ref"}).

Given data and information limitations, and the assumptions we used, our results likely represent the best possible case for inferred connectivity via adult movement. While there was some buffering capacity in our analysis because we calculated path distance between habitat patch centroids, rather than patch edges, these distances are still likely lower than what would occur in reality because of our assumption that individuals traveled along the shortest path from one MPA to the next. If movement barriers exist, we may have identified connections that do not exist in nature. This is particularly important for areas identified as betweenness hotspots; if crucial "bridging" links between otherwise disconnected regions do not exist, the associated nodes may have only marginal importance for network connectivity. It is also possible that there are links present (perhaps unidirectional) that were not identified by our modeling efforts (e.g., individuals moving downstream with currents may be able to traverse greater distances because of lower energetic cost), so some nodes may have higher importance for network connectivity than concluded by this analysis. However, reliable understanding of most species' movement patterns is still needed (Pe\'er et al. [2014](#eap1890-bib-0067){ref-type="ref"}). In regions where this information is available, our approach could be modified by calculating distance between habitat patches using least cost path analysis instead of visibility graphing (Galpern et al. [2011](#eap1890-bib-0039){ref-type="ref"}, Caldwell and Gergel [2013](#eap1890-bib-0016){ref-type="ref"}, Pittman et al. [2014](#eap1890-bib-0069){ref-type="ref"}).

The approaches that we developed can be expanded upon in future work. Adult movement is an important aspect of ecological connectivity to be considered in marine planning, whether through single‐ or multiple‐species assessments (Frisk et al. [2014](#eap1890-bib-0037){ref-type="ref"}). It would be valuable to incorporate fishing mortality and larval dispersal into future analyses, as each has significant impacts on population persistence and connectivity (Shanks et al. [2003](#eap1890-bib-0080){ref-type="ref"}, Grüss et al. [2011b](#eap1890-bib-0050){ref-type="ref"}). In addition, connectivity measurements through tagging, surveys, and genetic analyses would help ground truth our inferred connectivity work (e.g., Buonomo et al. [2017](#eap1890-bib-0013){ref-type="ref"}, Zemeckis et al. [2017](#eap1890-bib-0091){ref-type="ref"}). After determining connections between nodes through connectivity models or measurements, there may be more appropriate network analysis metrics to use than betweenness and eigenvector centrality, depending on the specific conservation planning objectives. Planning processes should include social‐political considerations, particularly where multiple jurisdictions exist, as these influence the MPA network\'s effectiveness and potential for monitoring and enforcement (Schill et al. [2015](#eap1890-bib-0078){ref-type="ref"}, Dehens and Fanning [2018](#eap1890-bib-0028){ref-type="ref"}). Future research should also assess shifting connectivity patterns with climate change (Magris et al. [2014](#eap1890-bib-0057){ref-type="ref"}, Andrello et al. [2015](#eap1890-bib-0002){ref-type="ref"}). Data on present and predicted future ocean conditions (e.g., temperature, pH, and current shifts) or species distributions can be integrated into our approaches to explore how regional connectivity hotspots and MPA network interconnectedness may change over time. Most importantly, these approaches can be applied to other MPA planning processes, even when data are limited.
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======================
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Click here for additional data file.
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Data Availability {#eap1890-sec-0015}
=================

The British Columbia Marine Conservation Analysis (<https://bcmca.ca>) data repository has links to the data custodians for the substrate and depth data sets used in this analysis (Appendix S1: Table S2); these custodians may be contacted directly. Data from the connectivity analyses are available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.ts0jb2s> (Friesen et al. [2019](#eap1890-bib-0036){ref-type="ref"}).
